P elvic organ prolapse (POP) is a bulge of one or more of the vaginal compartments (anterior, posterior, or apical/uterus) created by abnormal descent of the pelvic organs. Pelvic organ prolapse is one of the major indications for benign gynecologic surgery. 1 It accounts for more than 300,000 inpatient procedures and costs more than $1 billion per year in the United States alone. 1, 2 Consequently, treatment of POP is a significant financial burden. Women with POP have reduced quality of life secondary to sexual dysfunction, urinary and fecal obstruction, and social embarrassment. 1 Lysyl oxidase likeY1 homozygous negative or knockout (Loxl1 j/j ) mice are a valuable and well-established animal model of POP. 3 Without the copper-dependent enzyme LOXL1, crosslinking of tropoelastin into a functional elastin polymer is incomplete. 4 This genetic predisposition for abnormal elastin repair combined with an appropriate environmental trigger (pregnancy and vaginal delivery), as well as aging, leads to POP in Loxl1 j/j mice. 5Y7 In these animals, as in humans, cesarean section reduces but does not eliminate the risk of POP. 8 In humans, similar epidemiology and abnormalities in elastin homeostasis have been associated with POP. 9, 10 Therefore, Loxl1 j/j mice can be considered a pathophysiology-driven animal model of POP.
The current treatment of POP does not address our evolving understanding of its pathophysiology. To better understand this pathophysiology and develop targeted therapeutics, genetically matched strains of wild-type and knockout mice are required. However, the Loxl1 j/j strain of mice has been bred from brothersister pairings without a genetically matched wild-type strain. Because the genetic background can affect phenotype or even make the knockout incompatible with life, 11 it is necessary to characterize and validate each strain of modified animal model. The goals of this study were to create genetically matched Loxl1 +/+ and Loxl1 j/j mice and to compare the phenotypic and histologic outcomes in a multiparous breeding colony.
MATERIALS AND METHODS

Breeding Protocol and Genotyping
All animal protocols and procedures were approved by the Institutional Animal Care and Use Committee of the Cleveland Clinic. Female Loxl1 j/j mice, from a colony originally obtained from Tiansen Li, PhD, of the Massachusetts Eye and Ear Infirmary (Boston, Mass), were backcrossed with male hybrid C57BL/6J and 129S1/SvImJ wild-type mice (stock no. 101043; The Jackson Laboratory, Bar Harbor, Me). The resultant heterozygous (Loxl1 j/+ ) animals were bred to produce Loxl1
, and Loxl1 j/+ mice ( Fig. 1 ). Genotype identification of these animals was done by PCR analysis as described previously 5, 8 and Loxl1 j/+ mice were euthanized. Briefly, tail clipping was performed between 3 and 6 weeks of age under isoflurane anesthesia. DNA extraction was performed using a DNeasy Mini Kit j/j and Loxl1 +/+ mice were set in genetically matched brother/sister breeding pairs at 8 to 9 weeks old to generate multiparous females for investigation (Fig. 1) . The animals were housed as single pairs and allowed to breed ad libitum. Male mice were not removed from the cages and female mice achieved multiparity, delivering every 3 to 4 weeks until they were euthanized.
Phenotypic Assessment
Multiparous female Loxl1 j/j (n = 7) and Loxl1 +/+ (n = 9) mice were assessed for POP weekly via the mouse POP quantification (MOPQ) scoring system, which was initially developed for assessment of POP in mice deficient in fibulin-5 (Fbln5 j/j ). 12 Prolapse grade 0 indicates no perineal bulge; grade 1 indicates a mild perineal bulge, increasing gradually with increasing grades until grade 4, which indicates a complete vaginal eversion. This grading system was validated by Lee et al 5 in Loxl1 j/j mice. In the current study, animals were considered prolapsed when presenting with MOPQ grade 2 or 3. No mice with grade 4 prolapse were observed. Weekly MOPQ assessment was started 1 week after first delivery and kept throughout multiparity until the animal died or was euthanized for histology. The first 12 weeks of MOPQ assessments were graphed as time to prolapse and used for Kaplan-Meier survival curves, as done previously. 5 In addition to MOPQ, perineal length, having the middle of the vaginal introitus (upper limit) and middle of the anus (lower limit) as reference points, was measured using a digital caliper. The perineal length assessment was also done weekly and started 1 week after first delivery; as the MOPQ results, only the first 12 assessments are showed here.
Histologic Preparation
For histologic analyses, randomly selected Loxl1 j/j (n = 3) and Loxl1 +/+ (n = 3) female mice were euthanized using carbon dioxide asphyxiation followed by cervical dislocation. The vagina and the urethra were fixed in 10% formalin, paraffin-embedded en bloc, and sectioned (5 Hm) transversely at the midurethral level. Samples were stained with elastic van Gieson (EVG) stain for quantitative assessment of elastic fibers and collagen. Masson trichrome (MT) stain was used for qualitative assessment of smooth and striated muscle.
Image Acquisition and Analysis
The images of each EVG-stained slide were acquired at a resolution of 0.185 Km/pixel using a Leica DMR 6000 microscope (Leica Microsystems, Heidelberg, Germany), a 40Â objective, an 8-slide xyz-motorized stage (Prior Scientific, Rockland, Mass), and a Retiga 2000R CCD camera (QImaging, British Columbia, Canada). Raster-scanned image tiles across each tissue cross sections were background corrected and stitched together to form a single high-resolution, large field-of-view image (HR-FOVI; Fig. 2A ).
Each HR-FOVI was imported into ImageJ (v1.46r National Institutes of Health, Bethesda, Mass), and regions-of-interest (ROI) were manually drawn by an investigator blinded to the genetic group (Fig. 2B) . The cross-sectional area of each ROI was calculated along with the average thickness of the vaginal muscularis and submucosa. The total vaginal area was defined as the area contained within the vaginal muscularis perimeter (Fig. 2B ). The tortuosity of the vagina was calculated by tracing a line segment on the submucosa-epithelium boundary and dividing the length by the corresponding muscularis-submucosa boundary (Fig. 2C ). Four randomly selected segments of the muscularis-submucosa boundary and corresponding submucosaepithelium boundary were used, with each segment containing 2 to 4 mm of the muscularis-submucosa boundary (Fig. 2C ). An ROI consisting of a perimeter drawn around the external urethral sphincter was used to calculate urethral circumference and diameter (Fig. 2B) .
Quantitative image analysis was performed using customized visual basic macros in Image-Pro Plus (v7.0; Media Cybernetics, Silver Spring, Md) for each HR-FOVI and each ROI. For each tissue cross section, an red-green-blue color space segmentation was performed by adjusting the red-greenblue settings until the pixels of interest for collagen (pink) were optimally segmented from background tissue by visual confirmation by an expert (Fig. 2D) . Similarly, elastic fibers were segmented using a series of spectral and morphological filters on the value channel of the hue-saturation-value color space (Fig. 2D ). All segmented image overlays were validated by an expert blinded to the genetic group. For each vaginal muscularis and submucosa ROI, the total collagen area and the lengths of each segmented elastic fiber were determined. Total collagen area was divided by total area of the corresponding ROI to determine collagen density (percent area fraction of collagen). Only detected elastic fibers longer than 10 Km (range, 10Y15 Km) were counted to minimize nuclei artifact because EVG stains both nuclei and elastic fibers black. The total number of 10-to 15-KmYlong elastic fibers was normalized to the total area of the corresponding ROI to determine the number of elastic fibers per square millimeter.
Statistical Analyses
Differences in time to prolapse between the 2 groups were compared using a Kaplan-Meier survival analysis and log-rank test. The Mann-Whitney rank sum test was used to compare age and parity between the 2 groups. Mann-Whitney rank sum or Student t test was used to compare morphometric outcomes as determined by normality assessment. P less than 0.05 was used to indicate a statistically significant difference between groups in all cases. Quantitative values are presented as mean T SEM.
RESULTS
Initially, 4 of the 7 Loxl1
j/j mice developed POP 8 weeks after the first delivery, and 2 more animals developed POP 12 weeks afterward (Fig. 3) . Parity of the Loxl1 j/j mice that developed POP varied from 1 to 3 (2 T 0.87) at the time of POP development. Loxl1 +/+ mice did not develop phenotypic evidence of POP at any time point, creating a statistically significant difference between the 2 groups (P G 0.001). Loxl1 j/j mice had longer perineal length 12 weeks after first delivery compared with Loxl1 +/+ mice (8.7 T 0.7 mm and 7.6 T 0.20 mm, respectively). However, this difference did not reach statistical significance (P = 0.10).
The mean age of mice selected for histologic assessment was 42.7 T 3.1 weeks (Loxl1 j/j ) and 40.5 T 1.4 weeks (Loxl1 +/+ ) at the time of tissue harvest. Parity varied from 5 to 6 litters (5 T 0.58) in the Loxl1 j/j mice and 6 to 7 (6.25 T 0.50) litters in the Loxl1 +/+ mice at the time of tissue harvest. There were no significant differences between the 2 groups in age (P = 0.4) or parity (P = 0.11). At the time of organ harvest (~30 weeks postpartum), all Loxl1 j/j mice selected for histologic assessment presented with MOPQ grade 3 (Fig. 4) , but no Loxl1 +/+ female mice had developed prolapse. Upon gross examination, Loxl1 j/j mice had wider vaginal diameters than Loxl1 +/+ mice, and this was confirmed with morphometric measurements taken at histologic diagnosis, which demonstrated that the total vaginal area was significantly greater in Loxl1 j/j mice than in Loxl1 +/+ mice (Table 1 and Fig. 5 ). Similarly, there was a trend toward larger urethral circumference and diameter in Loxl1 j/j mice, although this difference was not statistically significant. The cross-sectional area of vaginal muscularis and submucosal tissue was significantly greater in Loxl1 j/j mice (Table 1 ). There was a statistical trend (P = 0.051) toward increased thickness of the vaginal submucosa in Loxl1 j/j mice compared with Loxl1 +/+ mice. There was no significant difference in vaginal collagen density between the groups (Table 1) . Although Loxl1 j/j mice had 41% and 47% fewer elastic fibers in the submucosa and muscularis, respectively, this difference did not reach statistical significance (Table 1) . On MT staining, striated muscle fibers of the external urethral sphincter were less organized, shorter, and thinner in Loxl1 j/j mice than in Loxl1 +/+ mice (Fig. 5 ).
DISCUSSION
Pelvic organ prolapse is a widespread and prevalent disorder, affecting nearly 50% of postmenopausal women. 1, 13 Although rarely life-threatening, POP significantly burdens the lives of millions of women, decreasing their quality of life and leading to social isolation and depression. 1 The current treatments of POP do not target the pathophysiology of the disease, which could partially explain the relatively high revision and complication rates. 14, 15 Recent research suggests that POP is a disorder of connective tissue homeostasis, particularly of elastin.
9,10 A woman's predisposition to abnormal elastin metabolism may combine with the triggers of pregnancy and traumatic childbirth leading to POP. Therapeutic strategies that aim to correct abnormal elastin homeostasis are currently under investigation 16, 17 and could potentially be applied to prevent or reverse POP. Genetically matched animal models of abnormal elastin homeostasis that demonstrate POP are needed to investigate the pathophysiology of POP and provided the impetus for the current study. Once validated, these animal models could be used for preclinical testing of potential therapeutics.
Loxl1 j/j mice have proven to be a reliable and reproducible model of human POP and mimic a dependence on similar risk factors, molecular markers, and presumed pathophysiology.
5Y8
Although larger mammals have more similar pelvic anatomy to humans, using larger species is costly, labor intensive, and less predictable, given that no genetically manipulated strains exist. 3 Several genetic knockout rodent strains develop POP, including elastin metabolismYbased models such as mice deficient in Loxl1, Fbln5, and fibulin-3 (Fbln3). 3, 5, 18, 19 On a molecular level, the enzyme LOXL1 and the scaffold protein FBLN-5 both participate in elastogenesis and are critical for postpartum restructuring of elastic fibers in mice. 6, 18 Deficiency of either gene leads to POP in mice. 6, 20 Deficiency of Loxl1, however, usually requires the addition of an environmental trigger, pregnancy and vaginal delivery, to induce POP development, 8 making this a more clinically applicable model.
In the current study, we showed that a backcrossed colony of Loxl1 +/+ mice can be created from Loxl1 j/j mice and a standard wild type strain. We have demonstrated via MOPQ assessment that the backcrossed Loxl1 +/+ mice do not develop phenotypic evidence of prolapse, even after multiple vaginal deliveries. The natural history of POP in Loxl1 j/j mice observed in our colony is similar to what was described previously. Lee et al 5 found that approximately 50% of Loxl1 j/j mice prolapse by 15 weeks after first delivery, whereas we found similar findings at 12 weeks after first delivery. Pelvic organ prolapse in Loxl1 j/j mice is an epidemiological phenomenon that occurs at variable times after delivery, as in humans. Therefore, the smaller size of our colony compared with what was used by Lee et al 5 may have skewed our results.
Alperin et al, 21 in a previous study with Loxl1 j/j mice, found that some female mice presented with POP despite being nulliparous. This is different from our experience and that of Lee et al. 5 These discrepancies may be explained by differences in the housing environment and/or genetic background. Wieslander et al 12 showed a significant difference between the perineal length of Fbln5 j/j and wild-type mice. We stopped assessing the perineal length when 6 of our 7 Loxl1 j/j mice achieved POP, which could have reduced the power to detect a statistical significance in perineal length between Loxl1 j/j and Loxl1 +/+ mice. Alternatively, this difference in outcomes could be due to environmental or genetic background differences between the colonies.
Histologically, our findings in Loxl1 j/j mice may perhaps best be described as an abnormality characterized by enlargement of the vagina. The cross-sectional area of the vaginal muscularis and submucosal layers in Loxl1 j/j mice was significantly increased by 62% and 101%, respectively, compared with Loxl1 +/+ mice. In addition, the total vaginal area was more than 150% larger in Loxl1 j/j mice compared with Loxl1 +/+ mice. This enlargement could be due to stretching of the vagina due to biomechanical instability of the surrounding pelvic organs caused by more prominent abnormalities in elastic fibers in pelvic support tissues other than the vagina. Alternatively, the enlargement could be due to abnormalities in vaginal elastic fibers that provide pathophysiologic environmental cues to cells within the vagina. Although we did not find any statistically significant differences in the total number of elastic fibers, this is may be due to the small sample size used for histologic analysis. Moreover, the total number of elastic fibers may not be as relevant as other characteristics of elastic fibers, such as shape and arrangement, which we did not assess. Pelvic organ prolapse grading with the MOPQ scale is not based on quantitative measurements of the bulge and therefore may have limited sensitivity. However, the MOPQ used in our study has been tested previously for interobserver and intraobserver reliability in Fbln5 j/j mice. 12 The MOPQ grading has also been previously used in Loxl1-deficient mice. 5, 8 It is therefore possible that mild prolapse could have occurred in Loxl1 +/+ animals that was not detected by MOPQ. However, these colonies consisted of offspring of sibling pairs, providing highly similar genetics. The descriptive scale of MOPQ was sufficient to demonstrate significant differences between the 2 colonies of mice. Magnetic resonance imaging could potentially be used to provide greater precision of POP grading when needed. 5 Genetic evaluation of animals was limited to PCR detection of the Loxl1 gene. Therefore, other and potentially associated genetic differences may exist between the 2 colonies. Nonetheless, the difference in prolapse rates between the 2 colonies of mice was statistically significant and definitive.
Differences in lower urinary tract function were not assessed, although these dysfunctions have been associated with Loxl1 j/j mice and POP. 5, 23 Measurement of lower urinary tract function, such as with urodynamics, could have corroborated differences in Loxl1 j/j and Loxl1 +/+ mice in this study. The finding of abnormal voiding in backcrossed Loxl1 +/+ mice would suggest inheritance of susceptibility, exclusive of the gene Loxl1 that does not significantly affect histologic finding or physiologic pelvic support.
In conclusion, we have demonstrated that a genetically similar backcrossed colony of Loxl1 +/+ and Loxl1 j/j mice can be created from the original Loxl1 j/j colony. We have also validated the durability of this backcross as a reliable animal model of POP with differences in histologic findings. In addition, we demonstrated that reintroduction of the Loxl1 gene back into Loxl1 j/j mice restores normal histologic diagnosis and rescues the POP phenotype. A Loxl1 +/+ colony is valuable for experiments using Loxl1 j/j mice to study POP pathogenesis or to test novel therapeutics.
